BACKGROUND. Perineural invasion (PNI) is the dominant pathway for local invasion in prostate cancer. To date, only few studies have investigated the molecular differences between prostate tumors with PNI and those without it. METHODS. To evaluate the involvement of both microRNAs and protein-coding genes in PNI, we determined their genome-wide expression with a custom microRNA microarray and Affymetrix GeneChips in 50 prostate adenocarcinomas with PNI and 7 without it. In situ hybridization (ISH) and immunohistochemistry was used to validate candidate genes. RESULTS. Unsupervised classification of the 57 adenocarcinomas revealed two clusters of tumors with distinct global microRNA expression. One cluster contained all non-PNI tumors and a subgroup of PNI tumors. Significance analysis of microarray data yielded a list of microRNAs associated with PNI. At a false discovery rate (FDR) <10%, 19 microRNAs were higher expressed in PNI tumors than in non-PNI tumors. The most differently expressed microRNA was miR-224. ISH showed that this microRNA is expressed by perineural cancer cells. The analysis of protein-coding genes identified 34 transcripts that were differently expressed by PNI status (FDR < 10%). These transcripts were down-regulated in PNI tumors. Many of those encoded metallothioneins and proteins with mitochondrial localization and involvement in cell metabolism. Consistent with the microarray data, perineural cancer cells tended to have lower metallothionein expression by immunohistochemistry than nonperineural cancer cells. CONCLUSIONS. Although preliminary, our findings suggest that alterations in microRNA expression, mitochondrial function, and cell metabolism occur at the transition from a noninvasive prostate tumor to a tumor with PNI.
INTRODUCTION
Prostate cancer is the most frequently diagnosed malignancy and the second most common cause of cancer mortality in American men [1] . The mortality can be attributed to the spread of cancer cells beyond the prostate. Perineural invasion (PNI) is the dominant pathway for local invasion in prostate cancer and is also a mechanism for extraprostatic spread of the disease [2] . Yet, the prognostic significance of PNI remains controversial [3] [4] [5] . Several studies have observed an association of PNI with markers of poor outcome [2, [6] [7] [8] , but others did not find it to be a prognostic factor in prostate cancer [9] [10] [11] [12] . The occurrence of PNI is a relatively early event in the development of the clinical disease, and most tumor specimens from radical prostatectomy are PNI-positive [2] . It is this high occurrence rate of PNI in clinical samples (85-100%) and the inadequate knowledge of its biology that limit our understanding of PNI's role in prostate cancer progression and disease outcome.
PNI is the process where cancer cells adhere to and wrap around nerves [13, 14] . It occurs in many other types of cancer, including pancreatic and head and neck cancers [15, 16] . Prostate cancer cells that have a perineural location acquire a survival and growth advantage and exhibit reduced apoptosis and increased proliferation when compared with cells located away from nerves [17, 18] . Altered expression of adhesion molecules in both prostate cancer cells and the adjacent nerves has been observed in PNI, and it has been hypothesized that the changed expression of these molecules allows cancer cells to thrive in the vicinity of nerves [14, 19] . Nevertheless, the molecular mechanisms that lead to PNI remain poorly understood. We applied gene expression profiling of both microRNAs and protein-coding genes to identify the gene expression changes associated with PNI in human prostate cancer. We hypothesized that the gene expression signature that differentiates PNI from non-PNI tumors will reveal molecular alterations that take place at the transition from a noninvasive tumor to a tumor with PNI. We assayed microRNAs because a crucial role for them in cancer has been demonstrated [20, 21] . Their expression profiles have been shown to classify tumors by developmental lineage and differentiation state [22, 23] .
MATERIALS AND METHODS

Tissue Samples
Frozen tumor specimens were obtained from the NCI Cooperative Prostate Cancer Tissue Resource (CPCTR). The tumors were resected adenocarcinomas that had not received any therapy prior to prostatectomy. The macro-dissected tumor specimens were reviewed by a pathologist, who confirmed the presence of tumor in the frozen specimens. All tissues were collected between 2002 and 2004. Tissue collection was approved by the Institutional Review Boards of the participating institutions.
RNA Extraction
Total RNA was isolated using TRIZOL reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). RNA integrity for each sample was confirmed with the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Each RNA sample was then split into two aliquots that were either processed for the microRNA microarray or the mRNA microarray.
Gene Microarrays
MicroRNA labeling and hybridization were performed as described previously [24] . The microRNA microarray (Ohio State University Comprehensive Cancer Center, Version 2.0) contains probes spotted in quadruplicate for 235 human and 222 mouse microRNAs [24] . The labeling and the hybridization of mRNAs were performed according to Affymetrix standard protocols (Santa Clara, CA). Briefly, 5 mg of total RNA was reverse transcribed with an oligo (dT) primer that has a T7 RNA polymerase promoter at the 5 0 end. Second-strand synthesis was followed by cRNA production with incorporation of biotinylated ribonucleotides using the BioArray High Yield RNA Transcript Labeling Kit T3 from Enzo Life Sciences, Inc. (Farmingdale, NY). The labeled cRNA was fragmented and hybridized to Affymetrix GeneChip HG-U133A 2.0 arrays. This array contains 22,283 probe sets that represent approximately 13,000 human protein-coding genes. Hybridization signals were visualized with phycoerythrin-conjugated streptavidin (Invitrogen) and scanned using a GeneChip Scanner 3000 7G (Affymetrix). In accordance with Minimum Information About a Microarray Experiment (MIAME) guidelines, we deposited the CEL files for the microarray data and additional patient information into the GEO repository (http://www.ncbi.nlm.nih.gov/geo/). The GEO submission accession number for both the micro-RNA and mRNA profiling data is GSE7055. Additional information about the custom microRNA microarray, Version 2.0, can be found under the ArrayExpress accession number: A-MEXP-258.
Data Normalization and Statistical Analysis
Median-centric normalization was used for the custom microRNA oligonucleotide chips. Affymetrix chips were normalized using the robust multichip
The Prostate analysis (RMA) procedure [25] . To generate lists of significantly differently expressed genes, the resulting data set was subjected to the significance analysis of microarray (SAM) procedure [26] . We generated gene lists based on both P values from two-sided t-tests and intended false discovery rates (FDRs). The FDR calculation followed the method described by Storey and Tibshirani [27] . Unsupervised hierarchical clustering was performed according to principles described by Eisen et al. [28] .
Quantitative Real-Time PCR Analysis of MicroRNA and mRNA
Abundance of mature microRNAs was measured using the stem-loop TaqMan 1 MicroRNA Assays kit (Applied Biosystems, Foster City, CA) according to a published protocol [29] . Using 10 ng of total RNA, mature microRNA was reverse transcribed into a 5 0 -extended cDNA with mature microRNA-specific looped RT primers from the TaqMan For each sample, the threshold cycle (C T ) was calculated by the ABI 7500 Sequence Detection System software. Standard curves were used to determine microRNA concentrations in the samples, which were then normalized to U6 RNA. Abundance of mRNA was determined according to a previously described quantitative realtime (qRT) PCR method [30] . Accordingly, 100 ng of total RNA was reverse transcribed using the High-Capacity cDNA Archive Kit (Applied Biosystems). qRT-PCR was subsequently performed in triplicate using TaqMan Gene Expression Assays (Applied Biosystems), which include pre-optimized probe and primer sets specific for the genes being validated. The assay ID numbers of the validated genes are as follows: Hs00744661_sH for metallothionein 1F and Hs00828387_g1 for metallothionein 1M. Data were collected using the ABI PRISM 1 7500 Sequence Detection System. The 18s RNA was used as the internal standard reference. Normalized expression was calculated using the comparative C T method as described and fold changes were derived from the 2
ÀDDCt values for each gene [30] .
Immunohistochemistry
Protein expression in perineural and nonperineural cancer cells was assessed immunohistochemically on formalin-fixed, paraffin-embedded tumor sections. The tumors (n ¼ 30) were from patients treated by radical prostatectomy at the Baltimore VA Hospital and the University of Maryland Medical Center. Five micron sections were immunohistochemically stained for S100, a marker for nerve trunks, to visualize areas with PNI. Sections from 14 tumors were found to contain representative areas with perineural and nonperineural cancer cells. For antigen retrieval, deparaffinized sections were microwaved in 1Â Citra buffer (Biogenex, San Ramon, CA). Immunohistochemical staining was performed with the Dako Envision system (DakoCytomation, Carpinteria, CA). The following primary antibodies were used: 1:500 diluted rabbit polyclonal antibody for S100 (Ventana, Tucson, AZ); 1:1,000 diluted mouse monoclonal antibody for coxsackie adenovirus receptor (CXADR) (Atlas Antibodies, Stockholm, Sweden); and 1:500 diluted mouse monoclonal antibody for metallothionein (DakoCytomation). This antibody (E9) recognizes metallothionein-1 and -2 family members (# M0639). Positive controls: intestine (CXADR) and liver (metallothionein). Omission of the primary antibody was the negative control. A pathologist, who was blinded to the microarray results, evaluated the intensity of the immunostains in perineural and nonperineural cancer cells and categorized immunostaining as less intensive, same, or more intensive in the perineural cancer cells when compared with nonperineural cancer cells. Images of representative areas were taken to document the expression differences.
In Situ Hybridization
In situ hybridization (ISH) was performed using the GenPoint TM Catalyzed Signal Amplification System (DakoCytomation) following the manufacturer's protocol. Briefly, slides were incubated at 608C for 30 min and deparaffinized as described. Sections were treated with Proteinase K (DakoCytomation) for 30 min at room temperature, rinsed several times with dH 2 O, and immersed in 95% ethanol for 10 sec before airdrying. Slides were pre-hybridized at 548C for 1 hr with ISH buffer (Enzo Life Sciences, Inc.) before an overnight 548C incubation in buffer containing either 5 0 -biotin labeled miR-224 miRCURY TM LNA detection probe (Exiqon, Woburn, MA) or scrambled negative control probe (Exiqon) at 50 nM final concentration. Slides were washed in both TBST and GenPoint TM stringent wash solution (548C for 30 min). Slides were then exposed to H 2 O 2 blocking solution (DakoCytomation) for 20 min and further blocked in a blocking buffer (DakoCytomation, X0909) for 30 min before being exposed to primary Streptavidin-HRP antibody, biotinyl tyramide, secondary Streptavidin-HRP antibody, and DAB chromogen solutions following
The Prostate the manufacturer's protocol. Slides were then briefly counterstained in hematoxylin and rinsed with both TBST and water before mounting. A pathologist evaluated the ISH intensity of miR-224 in perineural and nonperineural cancer cells using the same criteria that were used for immunohistochemistry.
Pathway Analysis
This analysis was performed with the in-house WPS software [31] . Pathways were annotated according to Gene Ontology Biological Processes (GOBP) (Gene Ontology Consortium: http://www.geneontology.org). Our database had 16,762 human genes annotated for GOBP. Genes were included into the pathway analysis based on the FDR ( 30%) of their corresponding probesets on the microarray. If several probesets encoded the same gene, the software recognized this and assured that the gene was counted only once for significance testing at the pathway level. A one-sided Fisher's exact test was used to determine which biological processes had a statistically significant enrichment of differently expressed genes (P < 0.05). We compiled the Fisher's exact test results for cluster analyses and displayed the results in color-coded heat maps to reveal the patterns of significantly altered biological processes. The color coding of the heat maps is related to the enrichment of genes in a biological process (ÀLog(P-value)-based) with red indicating a higher enrichment.
RESULTS
Clinical Samples and Gene Expression Analysis
We collected macro-dissected tumor specimens from radical prostatectomies of 57 prostate cancer patients (Table I) . Seven (12%) of the tumors were negative for PNI. Consistent with the literature, those tumors had a smaller size and a lower Gleason score than PNI-positive tumors. In addition, all PNInegative tumors were confined to the prostate. We investigated the gene expression differences between tumors with PNI and those that were negative for PNI. Gene expression profiles from these tumors were generated using both a custom microRNA microarray that represents 235 human microRNAs and the Affymetrix GeneChip HG-U133A 2.0 array that represents approximately 13,000 human proteincoding genes.
In an initial analysis of our dataset, we applied unsupervised hierarchical clustering to examine whether expression of microRNAs and mRNAs can distinguish between tumors with PNI and those without PNI. Hierarchical clustering based on the global expression of mRNA did not separate PNI cases from non-PNI cases (data not shown). However, the expression patterns of the microRNAs in these samples yielded two prominent clusters with distinct micro-RNA profiles (Fig. 1) . Cluster #1 contained all non-PNI tumors and a subgroup of tumors with PNI. Cluster #2 contained PNI tumors that were significantly more likely to have a high Gleason score (!7) and an extraprostatic disease extension than tumors in cluster #1 (P < 0.05, respectively; two-sided Fisher's exact test).
SAM data revealed that 19 microRNAs and 34 protein-coding genes were significantly differently expressed between PNI and non-PNI tumors at a FDR 10%. At this threshold, all microRNAs were upregulated in tumors with PNI (Table II) , while all mRNAs had a lower expression in PNI tumors than in non-PNI
The Prostate tumors (Table III) . This list of differently expressed microRNAs was unique to the comparison between PNI and non-PNI tumors in our dataset. None of these microRNAs were significantly differently expressed by either tumor grade or stage (FDR < 30%). In contrast to the PNI to non-PNI comparison, only very few microRNAs were significantly differently expressed between high (sum scores 7-9) and low (sum scores 5-6) Gleason score, for example, miR-1 was downregulated in tumors with high Gleason score, and between organ-confined and those with extraprostatic extension. Among the protein-coding genes that were differently expressed between PNI and non-PNI tumors, many encoded either metallothioneins (metallothionein 1F, 1G, 1H, 1M, 1X, 2A) or proteins with mitochondrial localization (4-aminobutyrate aminotransferase, ferrochelatase, long chain acyl-coenzyme A dehydrogenase, mitochondrial ribosomal proteins L39/S1). A subset of these genes was also downregulated in tumors with a high Gleason score when compared with low Gleason score tumors (Fig. 3) . There was no overlap with genes differently expressed by tumor stage.
Validation of Microarray Data by qRT-PCR
Five microRNAs and two mRNAs were chosen for validation by qRT-PCR (Table IV) . Consistent with the microarray data, we found a significantly higher expression of mature miR-224, miR-10, miR-125b, miR-30c, and miR-100 in PNI tumors when compared with non-PNI tumors. The transcript levels of the metallothioneins 1M and 1F were significantly lower in PNI tumors when compared with non-PNI tumors, which is also consistent with our microarray data.
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Pathway Association of Protein-Coding GenesThat Are Differently Expressed by PNI Status
We performed a pathway analysis based on those GOBP-annotated genes (n ¼ 62) whose mRNA was differently expressed between PNI and non-PNI tumors at a FDR 30%. The analysis revealed a number of biological processes that were enriched for differently expressed genes comparing PNI tumors with non-PNI tumors. The most significantly altered biological processes included transport and metabolism of organic (carboxylic) acids/fatty acids, amino acids, and (poly)amines (Table V) . They also included the biological process of ''neurogenesis,'' which is consistent with the known interaction between tumor cells and nerves in PNI.
A cluster analysis was performed to identify biological processes that are enriched for differently expressed genes by tumor PNI status (PNI-positive vs. PNI-negative), but not by Gleason score (high vs. low Gleason score), pathological stage (pT3 vs. pT2), or by the presence of extraprostatic extension (yes vs. no). As shown by a heatmap, the analysis identified a number of biological processes that were uniquely enriched for differently expressed genes comparing PNI-positive with PNI-negative tumors (Fig. 2) . These biological processes included metabolism and transport of organic (carboxylic) acids/fatty acids, amino
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acids, and (poly)amines, as described before, but also processes related to the negative regulation of programmed cell death.
Expression of Metallothionein,Coxsackie Adenovirus Receptor, and miR-224 in Perineural Cancer Cells
Although our microarray-based analysis indicated that PNI and non-PNI tumors differ in their gene expression pattern, this approach is not informative with respect to the expression of these genes in perineural and nonperineural cancer cells. We used immunohistochemistry and ISH to investigate the relative expression of two protein-coding genes, metallothionein (metallothionein-1 and -2) and coxsackie adenovirus receptor (CXADR), and of miR-224 in perineural and nonperineural cancer cells. Immunohistochemistry was performed on sections from 14 tumors that contained representative areas for perineural and nonperineural cancer cells. ISH was performed on sections from 11 tumors. Metallothionein, CXADR and miR-224 were found to be expressed in the tumor epithelium (Figs. 3-5) . The labeling pattern for metallothionein (epithelial, cytoplasmic, nuclear) and CXADR (epithelial, membranous, cytoplasmic) was consistent with that described by others [32, 33] . A lower expression of metallothionein and CXADR was observed in perineural cancer cells of six tumors (43%) and seven tumors (50%), respectively, when compared with nonperineural cancer cells in the same tissues (Figs. 3 and 4) . No difference was detected in the other tumors with the exception of one (7%) where the expression of metallothionein was scored to be higher in perineural cancer cells than nonperineural cancer cells. A marked increased expression of miR-224 in perineural cancer cells was observed in four tumors (36%; Fig. 5 ). No such difference was seen in the other seven tumors where miR-224 expression was mostly low to undetectable in the tumor epithelium.
DISCUSSION
We investigated the gene expression profiles of PNI and non-PNI tumors and found significant differences
The Prostate in microRNA and mRNA expression between them. Most strikingly, unsupervised hierarchical cluster analysis based on the expression of 235 microRNAs yielded two main tumor clusters, one of which contained all non-PNI tumors. We could not achieve such a classification based on the expression of 13,000 protein-coding transcripts which is in agreement with other studies that could not find an mRNA expression signature associated with local invasion in prostate cancer [34] . Our findings suggest that microRNA expression could be a more distinctive feature of PNI tumors, when compared with non-PNI tumors, than mRNA expression. Although these findings are preliminary, they are consistent with previous reports showing that microRNA expression profiles can be superior to mRNA expression profiles in classifying tumors by developmental lineage and differentiation state [22, 23] . Nineteen microRNAs were found to be higher expressed in PNI tumors than non-PNI tumors. Of those, miR-10, miR-21, and miR-125b are candidate oncogenes [35] [36] [37] . Furthermore, miR-21 and miR-224 are located in malignancy-associated chromosomal regions that were found to have an increased gene expression in human prostate cancer [38] . A microRNA expression signature common to several human solid cancers, including prostate cancer, has been described [23] . The shared microRNAs between that study and our PNI signature are miR-21, miR-24, and miR-30c. Most notable, however, is the overlap of the PNI signature with other microRNA signatures that were discovered under experimental conditions. Hypoxia has been found to induce miR-24, miR-26, miR-27, and miR-181 [39] . Those microRNAs are also upregulated in PNI tumors. Even more prominent are the similarities between the PNI signature and an inflammationinduced microRNA signature in lungs of LPS-treated mice. Here, LPS induced miR-21, miR-27b, miR-100, and miR-224, among several other microRNAs [40] . Thus, the observed PNI microRNA signature could be partly The Prostate the result of a pro-inflammatory environment and hypoxia in the cancerous prostate. This interpretation is preliminary. Future studies will have to evaluate whether mediators of inflammation and hypoxia can induce these microRNAs in human prostate cancer cells.
To evaluate the possibility of confounding effects by tumor grade and stage in the PNI signature, we compared the list of differently expressed microRNAs between PNI and non-PNI tumors with the same lists comparing high with low Gleason score tumors and organ-confined tumors with tumors that showed extraprostatic extension. This additional analysis revealed that the PNI signature was not shared by these two contrasts. Instead, only very few microRNAs were found to be significantly differently expressed by tumor grade and stage. Perhaps, the heterogeneous nature of prostate tumors limited our ability to find a microRNA signature associated with these two prognostic factors. Alternatively, the PNI signature could be very distinct and unique to the transition of non-PNI to PNI and may specifically involve the interaction between nerve and cancer cells. This signature could also be a transient phenomenon of cancer cells and disappears when these cells disseminate from their perineural location. We analyzed the expression of miR-224, the most differently expressed microRNA by PNI status, in perineural and nonperineural cancer cells and found an increased expression of it in perineural cancer cells in a subset of the tumors. Although not all tumors showed upregulation of miR-224 in perineural cancer cells, the observation indicates that mechanisms by which cancer cells adhere to nerves could be involved in the induction of miR-224.
Analysis of the mRNA expression profile revealed 34 genes that were down-regulated in PNI tumors at a FDR threshold of 10%. Even though we observed genes that were higher expressed in PNI tumors than non-PNI tumors, for example, CRISP3, PSCA, BMP7, or BCL2, their high FDR excluded them from our list of significantly differently expressed genes. Only two other studies, using a co-culture model of DU-145 prostate cancer cells with neuronal cells, examined the expression profile of mRNA associated with PNI [18, 19] . Those studies discovered that the genes encoding bystin and Pim-2 are upregulated in PNI. We did not detect an increase of the corresponding mRNAs in PNI tumors. Different methodologies may explain some of the differences among the gene lists generated in the various studies. In addition, our chip did not contain probesets for the gene encoding bystin.
Several of the 34 differently expressed genes were members of the metallothionein gene family. These genes are located in a gene cluster on chromosome 16q13 [41] and have been found to be down-regulated in prostate cancer by promoter hypermethylation and reduced zinc availability [32, 42, 43] . By immunohistochemistry, we could confirm that metallothionein expression is noticeably lower in perineural cancer cells when compared with nonperineural cancer cells in a subset of the prostate tumors. The downregulation at the transition from a non-PNI tumor to a The Prostate PNI tumor may indicate important changes in the metal metabolism of cancer cells that take place at this stage of the disease. Several other genes in our list of differently expressed genes encode proteins with mitochondrial localization, for example, 4-aminobutyrate aminotransferase, ferrochelatase, and long chain acyl-coenzyme A dehydrogenase, among others. The aminobutyrate aminotransferase and the long chain acyl-coenzyme A dehydrogenase are key genes in the organic (carboxylic) acid metabolism (e.g., ketone body, fatty acid) of cells, whereas the ferrochelatase is involved in the biosynthesis of heme [44] . Alterations in metabolism and in the genome of mitochondria are common events in prostate carcinogenesis [45] [46] [47] . Our data suggest that some of these changes may occur at the transition into a PNI-positive tumor.
Other genes that were found to be down-regulated in PNI tumors were those encoding the spermine synthase, the v-MAF oncogene homolog (MAF), and CXADR. Spermine synthase is a key enzyme of the polyamine synthesis pathway that catalyzes the conversion of spermidine into spermine. A transcriptional dysregulation of the polyamine synthesis pathway in prostate cancer has been observed [48] . Spermine is an endogenous inhibitor of prostate carcinoma cell growth [49] . Therefore, down-regulation of the spermine synthase may allow increased growth and survival of prostate cancer cells in a perineural environment. MAF is an oncogene in lymphomas and myelomas, but it was found to be a candidate tumor suppressor gene in prostate cancer [50] . CXADR has a crucial function in the uptake of adenoviruses into human cells [51] . This receptor was found to be downregulated in locally advanced prostate cancer when compared with normal prostate [33] .
Because single gene effects are unlikely to cause PNI, we conducted a pathway analysis for the proteincoding genes that were differently expressed between PNI tumors and non-PNI tumors. This analysis revealed that the most significantly altered biological processes in PNI tumors, when compared to non-PNI tumors, are those that regulate cell and energy metabolism. Other altered biological processes related to neuronal functions, such as neurogenesis and the transmission of nerve impulse, and to the negative regulation of cell death. The latter is consistent with previous findings that prostate cancer cells in a perineural location show decreased apoptosis and increased survival [17, 18] .
CONCLUSIONS
We observed significant alterations in microRNA and mRNA expression at the transition from a non-PNI tumor to a PNI tumor. Unsupervised hierarchical clustering revealed that non-PNI tumors are more distinct from PNI tumors by their microRNA expression profile than by their mRNA expression profile. Finally, we identified various genes and biological processes related to mitochondrial function and cell metabolism that could be functionally significant in PNI.
